The metabolic disorders such as obesity and diabetes are found to be more frequent in chronic obstructive pulmonary disease (COPD). The chronic systemic inflammation orchestrated by macrophages constitutes one critical pathophysiological process underlying both acute exacerbation of COPD (AECOPD) and its metabolic complications such as obesity and diabetes. The cyclic adenosine monophosphate (cAMP) signaling controlled by phosphodiesterase (PDE) 4 is a pivotal intracellular modulator for macrophages functions in immune inflammatory response underlying AECOPD as well as obesity and diabetes. Targeting PDE4/cAMP signaling has been suggested to be effective in treating AECOPD or the metabolic disorders of obesity and diabetes. It is therefore reasonable to hypothesize that the chronic systemic inflammation can be a critical link between AECOPD and the metabolic disorders and targeting the PDE4/cAMP signaling can be effective to block this link between AECOPD and the associated metabolic complications.
Introduction
Chronic obstructive pulmonary disease (COPD) has been recognized as the third leading cause of death by the year 2020 [1] . COPD is a preventable and treatable disease associated with extra-pulmonary effects by definition. The major characteristics of COPD are emphysema, bronchitis, and small airways disease associated with pulmonary hypertension. The major pathological processes include the airway narrowing due to inflammation, mucus plugging and fibrosis, and pulmonary parenchymal destruction with subsequent airway closure. Tobacco smoke is the greatest risk factor for COPD development. Other risk factors include air pollution, occupational dusts and chemical, old age and some gene such as alpha-1-antitrypsin deficiency. Studies have showed that the metabolic disorders are found to be more frequent in COPD. Over the past couple of decades, increasing published data has demonstrated that acute exacerbation of COPD (AECOPD) presents with a clinical syndrome involving diversified extrapulmonary manifestations [2] . These extra pulmonary manifestations include predominantly the cardiovascular diseases and metabolic disorders in nature [3] . Patients with COPD and the metabolic disorders have much higher risk of morbidity and mortality due to the metabolic and cardiovascular diseases.
Prevalence of the Metabolic Disorders in AECOPD
In fact, metabolic abnormalities, such as type 2 diabetes mellitus (T2DM), obesity and the metabolic syndrome, are far more common in COPD patients than the general population [4] . In a study conducted in Madrid, among 6400 COPD patients, 20% patients had diabetes, 25% were obese, and 34% had dyslipidemia. In some other studies, the overall prevalence of obesity is 18% -25% and 5% -12% for diabetes development in subjects with mild to moderate COPD [4] . Especially, the impaired lung function has been suggested to be a strong risk factor for developing diabetes. According to the study by Mannino et al., the COPD subjects with severe reduced lung functions had a increased risk for diabetes (odds ratio of 1.5, CI: 1.1 -1.9) [5] . In another prospective study over an 8-year period, the COPD patients had a 1.8% relative risk for [6] . Dyslipidemia, one major component in the metabolic disorders, has also been suggested to be much higher prevalence in COPD patients (about 48.3%) than the controls (about 31.7%). Accordingly, statins was associated with significantly reduced death rate in COPD patients (30%) over a prospective period of more than 2 years treatment, supporting the imperativeness to control the extra pulmonary metabolic abnormalities in COPD patients [7] [8] .
It is true that the relationship between AECOPD and the development of these extra pulmonary metabolic derangements has been increasingly recognized. AECOPD together with these extra pulmonary manifestations constitutes the morbidity and mortality in COPD patients. Statistic data showed that AECOPD causes 50% mortality at 3.6 years, with about 75% mortality at 7.7 years and 96% mortality upon 17 years in the COPD population [9] . Nevertheless, the mechanism underlying these clinical presentations remains unclear.
Macrophages-Mediated Systemic Inflammation Constitutes the Link between AECOPD and the Metabolic Complications
Systemic inflammation has been well suggested to be an important contributor for both COPD and metabolic disorders such as obesity and T2DM [10] . In COPD patients, chronic inflammation typically presented in the airways, lung tissue and pulmonary blood vessels. During COPD process, the inhalation of noxious substances such as tobacco smoke triggers the abnormal inflammatory response which causes structural changes and oxidative stress in the small airways and pulmonary parenchyma. Oxidative stress further amplified the inflammation, resulting in frequent COPD exacerbations. One of the key inflammatory cells during COPD are macrophages existing in airway lumen, lung parenchyma and broncoalveolar lavage fluid [11] . These macrophages, the major component of innate immune response, control the functions of T-lymphocytes and the production of pro-/antiinflammatory cytokines, determining AECOPD and the progression of the disease [12] . About two decades ago, the first links between chronic inflammation and obesity and insulin resistance has been identified. According to the studies by Spiegelman and his colleagues, in the pathogenesis of obesityinduced T2DM, insulin resistance plays a pivotal and causal function. Tumor necrosis factor (TNF) α, a proinflammatory cytokine produced by the adipose tissue of obese animals, promotes insulin resistance through post-transcriptional modification (ser phosphorylation) of insulin receptor substrate 1 [13] . To initiate and control this inflammatory response cascade, the immune cells infiltrate the obese adipose tissue, with macrophages being functionally and numerically dominant. Approximately 45% -60% macrophages in the adipose tissue of obese mice can be found, whereas only 10% -15% of cells in the adipose tissue of lean mice [14] . Further, macrophages in adipose tissue have been found to present different phenotypes with contrast functions, alternatively activated activation (AMA or M2) with function to attenuate inflammatory response and classically macrophages activation (CMA or M1) with pro-inflammatory function and "crown-like" structures around dying adipocytes [15] .
Currently, the evidence for the function of M2 phenotype in AECOPD has been limited. Nevertheless, the above data clearly suggests a critical function of macrophages in both AECOPD and the metabolic disorders of obesity and T2DM. It is therefore that macrophages-mediated systemic inflammation constitutes potentially the critical link between AECOPD and the metabolic complications. Thereby, how to modulate the macrophages function has been the critical issue in controlling AECOPD and the metabolic disorders of obesity and diabetes, the major extra pulmonary complications.
PDE4/cAMP Signaling Determines the Macrophage-Mediated Inflammation
Underlying AECOPD and Metabolic Disorders
The functions of macrophages have been demonstrated to be modulated by both cell-extrinsic and -intrinsic mechanisms. The cell-extrinsic mechanisms include the circulating altered substances, such as noxious materials from tobacco smoke in AECOPD and the circulating adipokines and fatty acids in obesity. The cell-intrinsic pathways include abnormal functions of the subcellular organelles such as mitochondrial dysfunction and endoplasmic reticulum stress [16] . As for the intrinsic signaling, cyclic adenosine monophosphate (cAMP) pathway has been demonstrated to be fundamental to maintain macrophages' functions. The cAMP signaling involves the binding and activation of G-protein-coupled receptor which in turn leads to the activation of adenylate cyclases [17] . Elevated cAMP then initiates the downstream enzymatic signaling cascades. Phosphodiesterase (PDE) 4 is specific for degrading cAMP and accounts for the largest percentage of cAMP hydrolysis [18] . There are 4 genes to encode PDE4 including PDE4A, PDE4B, PDE4C and PDE4D. Each of these genes has unique cellular distribution and function. PDE4B represents the major isoform in PDE4 family in macrophages [19] . The critical function of PDE4-modulated macropahges inflammation in both AECOPD and metabolic disorders has been well suggested. The expression of PDE4 was upregualted accompanied with decreased cAMP levels in the macrophages isolated from broncoalveolar lavage fluid in patients with AECOPD as well as in adipose tissue from both obese mice and human. Generally, activation of cAMP signaling is associated with decreased M1 inflammatory response. For example, mice with PDE4B deficiency demonstrated attenuated LPSinduced inflammatory response and TNF-α production. In human monocytes and monocyte-derived cells, the transcription of PDE4B was activated by lipopolysaccharide (LPS) stimulation and was inhibited by interleukin (IL) 10, an important anti-inflammatory cytokine [20] . In obese mice, genetic deficiency of PDE4B resulted in lower body weights, reduced fat pad weights and smaller adipocytes accompanied with decreased TNF-α expression [21] . In the study by Luan B et al., activated cAMP signaling via leptin inhibited NF-κB activity, a well known pro-inflammatory transcription factor, and suppressed the macrophages inflammation mediated by cAMP-PKA signaling and the downstream histone deacetylase 4 activities [22] . Therefore, these data indicates that PDE4/cAMP signaling can be the pivotal link in determining the macrophage-mediated inflammation underlying both AECOPD and the metabolic complications.
Targeting PDE4/cAMP Signaling to Block the Link between COPD and the Associated Metabolic Complications
Up to date, increasing evidence has also revealed the therapeutic potentiality of Roflumilast in treating T2DM. It was reported that Roflumilast and Roflumilast-N-oxide abolished the deterioration of blood glucose and hemoglobin A1c (HbA1c) concomitant with preservation of pancreatic islet morphology based on Lep db mice model (mice homozygous for the diabetes spontaneous mutation) [23] . In another study, resveratrol, a polyphenol in red wine, exerted its effects through competitive inhibition of cAMP-degrading PDE, especially PDE4, presented with multiple metabolic benefits in high-fat diet-induced obese diabetic mice, including preventing diet-induced obesity and improving mitochondrial function and glucose tolerance [24] [25] . In a prospective, randomized, double-blind and placebo-controlled multicenter study based on outpatients with T2DM, Roflumilast decreased both fasting and postprandial glucose levels after 12 weeks treatment [26] . In another study, in a prospective randomized open-label study in 36 obese women with polycystic ovary syndrome, a disorder associated with insulin resistance and obesity, Roflumilast treatment over 12-weeks reduced body weight, primarily due to a loss of fat mass [27] . Based on the above evidence, it is therefore reasonable to hypothesize that the effects induced by PDE4i can be mostly like due to the remodeling of macrophages inflammation.
For PDE4i in COPD, a bulk of strong evidence has been existed to suggest that cAMP signaling activation via PDE4i in structural and inflammatory macrophages provides anti-inflammatory response in both mice models and COPD patients [28] . Roflumilast is the first PDE4 inhibitor to be approved for treating COPD patients with exacerbation. In human lung parenchymal explants, Roflumilast and its active metabolite of Roflumilast-N-oxide concentration-dependently reduced the release of TNF-α and the pro-inflammatory chemokines from LPS-stimulated human lung explants [29] . Further, Roflumilast suppressed the proliferation and cytokines release from macrophages and T lymphocytes which involves inhibiting the activation of NF-κB. Roflumilast has been progressed in late Phase III clinical trials with bioavailability of 79% and once daily due to its favorable pharmacokinetics [30] . In addition, Roflumilast is safe and well tolerated without significant interactions with other COPD drugs. The major side effects of Roflumilast, although rare, include some gastrointestinal responses such as dyspepsia, gastritis and vomiting.
Conclusion and Future Directions
The above results provide strong evidence that PDE4i (Roflumilast) is highly efficient in treating both COPD and metabolic disorders such as obesity and diabetes. Although the causal relationship between AECOPD and the metabolic complications has yet to be demonstrated, systemic inflammation can be one of the critical underlying mechanisms underlying these disorders. Given the growing worldwide problem of COPD in relation to its related complications and comorbidities, strategies for prevention and treatment are essential. It is therefore reasonable to hypothesize that PDE4i (Roflumilast) can be effective in suppressing the systemic inflammation, and then blocking the link between AECOPD and the metabolic complications (Figure 1 ).
